Although histidine kinases (HKs) are critical sensors of external stimuli in prokaryotes, the mechanisms by which their sensor domains control enzymatic activity remain unclear. Here, we report the full-length structure of a blue light-activated HK from Erythrobacter litoralis HTCC2594 (EL346) and the results of biochemical and biophysical studies that explain how it is activated by light. Contrary to the standard view that signaling occurs within HK dimers, EL346 functions as a monomer. Its structure reveals that the light-oxygen-voltage (LOV) sensor domain both controls kinase activity and prevents dimerization by binding one side of a dimerization/histidine phosphotransfer-like (DHpL) domain. The DHpL domain also contacts the catalytic/ATP-binding (CA) domain, keeping EL346 in an inhibited conformation in the dark. Upon light stimulation, interdomain interactions weaken to facilitate activation. Our data suggest that the LOV domain controls kinase activity by affecting the stability of the DHpL/CA interface, releasing the CA domain from an inhibited conformation upon photoactivation. We suggest parallels between EL346 and dimeric HKs, with sensor-induced movements in the DHp similarly remodeling the DHp/CA interface as part of activation.
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two-component system | cell signaling | histidine kinase | photosensory | regulation P rokaryotes primarily respond to environmental cues with two-component signaling systems, minimally composed of a sensor histidine kinase (HK) and a response regulator (RR) (1) . The HK autophosphorylates at a conserved histidine residue, a reaction that is regulated by stimuli specific to each HK. The resulting phosphoryl group is subsequently transferred to the downstream RR, modulating its activity. Most simply, HKs consist of a sensor domain and a kinase core composed of dimerization/ histidine phosphotransfer (DHp) and catalytic/ATP-binding (CA) domains. Despite the biological importance of HKs to bacterial signaling and as potential antibiotic targets (2) , the mechanisms by which sensors control autophosphorylation are not well known due to complications in obtaining high-resolution structures of full-length HKs. A key premise among most signaling models is that HKs must form dimers to function, consistent with the oligomerization state of HKs studied to date (3) (4) (5) (6) . Here, we present data that challenge this tenet with the full-length structure of EL346, a blue light-sensing monomeric HK from the HPK 11 subfamily (7). Together with biochemical and biophysical analyses of signal-induced conformational changes, we demonstrate how conformational changes originating in light-oxygen-voltage (LOV) and Per-ARNT-Sim (PAS) domains can propagate to control the activity of an effector. Our findings highlight general principles governing HK regulation independently of oligomerization state.
Results

EL346
Is Light-Activated and Monomeric. EL346 was initially described in a survey of bacterial HKs containing light-oxygenvoltage (LOV) domains, demonstrating that several of these proteins exhibited light-enhanced kinase activities as anticipated by the presence of the photosensory LOV domains (8, 9) . We confirmed that EL346 undergoes the expected LOV photocycle with spontaneous postillumination reversion with a time constant of ∼55 min in the ATP-free state, which accelerates to 42 and 32 min upon binding to ATP and its nonhydrolyzable analog adenosine 5′-(β,γ-imido)triphosphate (AMP-PNP), implying some overall conformational change upon nucleotide binding (Fig.  S1A) . In addition to undergoing LOV photochemical changes upon illumination, the lit state has higher net autophosphorylation activity, with a 1.6-fold enhancement in initial rate (Fig.  1A ). Phosphotransfer to EL_LovR and EL_PhyR, two RR substrates we previously identified as EL346 targets (10), was also enhanced by blue light (5.6-and 1.6-fold increases in initial rates for EL_LovR and EL_PhyR, respectively) ( Fig. S1 B and C) .
Sequence analyses predicted LOV, DHp (HisKA_2), and CA (HATPase_c) domains in EL346, with His142 inferred to be the phosphoacceptor histidine as predicted from the HPK 11 -type H-box sequence (7). We validated this assignment with data showing that an H142Q mutation eliminated autokinase activity (Fig. S1D) . Despite the predicted DHp domain, which typically mediates tight dimerization between HKs, we observed that EL346 behaved as a monomer in solution using size exclusion chromatography with inline multiangle light scattering (SEC-MALS). These analyses established that ATP-bound EL346 had average solution molecular masses of 37.8 kDa and 41.8 kDa under dark and lit conditions, respectively, both consistent with a 38.6-kDa monomer (Fig. 1B) . Similar values were obtained Significance All organisms regulate biological processes in response to changes in their environment. Bacteria often achieve this control via two-component signal transduction pathways, which use histidine kinases to perceive environmental signals and relay this information to downstream effectors. Despite substantial efforts, key aspects of the mechanisms by which histidine kinases are activated by these signals remain poorly understood. In this paper, we present structural and functional data that shed light on the signaling strategy used by a monomeric histidine kinase. Our results demonstrate the versatility of histidine kinases by expanding the prevailing view that they must form dimers to function, while also highlighting conserved aspects of their signaling strategies.
without nucleotide (Fig. S1E ), indicating that EL346 is monomeric regardless of illumination or nucleotide state. These data imply that EL346 autophosphorylates in cis or, alternatively, transiently dimerizes to do so in trans. To address this key mechanistic point, we assayed autokinase activity with increasing concentrations of EL346 from 0.5 to 50 μM and found that activity increased linearly over this range (Fig. 1C) . Coupling this observation with the monomeric state of EL346 in SEC-MALS experiments conducted at higher concentrations, our data indicate that autophosphorylation does not depend on the formation of a transient dimer, strongly implicating an in cis mechanism.
EL346 Adopts a Novel Arrangement of Conserved Sensor and Catalytic Domains. To investigate the basis for light-dependent regulation of EL346 and its unexpected monomeric state, we determined this protein's crystal structure. Crystals of full-length EL346 (EL346FL) grew in the presence of AMP-PNP and diffracted to a resolution of 2.92 Å. Because we were unsuccessful with attempts to solve the structure using LOV and HK homologs as molecular replacement models, we independently obtained coordinates for EL346 LOV (EL346LOV) and DHp/CA (EL346HK) constructs by molecular replacement and singlewavelength anomalous dispersion (SAD), respectively, and used these structures as molecular replacement models for the fulllength structure (Table S1 and Fig. S2 A and B) . EL346FL displays a previously unseen arrangement in which the LOV sensor and CA domains pack directly against two α-helices, α1 and α2, which resemble a single DHp domain from dimeric HKs (Fig. 2) . Although crystals of EL346FL contained two molecules per asymmetric unit (Fig. S2C) , the scarcity of contacts between the DHp-like (DHpL) domains from the two molecules is inconsistent with a solution-state dimer. Computational analyses of macromolecular interfaces using PISA (11) predict that EL346FL does not form stable higher order assemblies in solution, further supporting a monomeric solution state conformation. EL346FL's DHpL does not dimerize to form a four-helix bundle as in other HK structures (6); instead, the sensor domain occludes the surface usually used for dimerization.
Our full-length structure provides insights into the EL346 photosensory process, which initiates within the N-terminal LOV domain with the formation of a reversible covalent bond between a flavin chromophore and a conserved cysteine residue. Although this domain has a standard mixed α/β fold surrounding the chromophore, we observed it binding riboflavin in lieu of more common FMN or FAD (12) in both the full-length and EL346LOV structures. Both FMN and riboflavin were detected in liquid chromatography-mass spectrometry (LC-MS) analyses of extracts of freshly purified protein samples (Fig. S3) , suggesting that the EL346 might be more prone to bind riboflavin than other LOV domains, at least under overexpression conditions. A potential root of this preference is the presence of an alanine residue in the Fα helix (Ala72) instead of the conserved basic residue that often interacts directly with the FMN/FAD phosphoryl group.
Within the full-length structure, the LOV β-sheet forms a sizeable interface with the DHpL domain (>1,200 Å 2 ) centered on a LOV hydrophobic patch that contacts the core of the DHpL alpha-hairpin (Fig. 3 A and B) . Additional LOV/DHpL contacts include hydrogen bonds between LOV Glu80 and Glu82 and the phosphoacceptor His142 in the DHpL α1 helix (Fig. 2B) . The EL346 LOV/DHpL α1 helix interaction is reminiscent of the arrangement seen in other LOV/helix pairs, including the wellstudied AsLOV2 LOV/Jα helix interaction from the Avena sativa phototropin 1 LOV2 domain ( Fig. 2A and Fig. S4A ) (13, 14) . In this latter case, illumination generates allosteric changes that dissociate the Jα helix to control phototropin kinase activity (14, 15) , implying a comparable signaling mechanism in EL346. This parallel is reinforced by similar arrangements of the EL346 DHpL α2 and the AsLOV2 N-terminal A′α helix with their respective LOV domains, the latter of which undergoes lightinduced conformational changes as well (16) . Coupled with other structural similarities between LOV and PAS domains with extended elements (Fig. S4) , multiple signs suggest a conserved signaling mode through the β-sheet in these domains. It is also worth noting that this LOV/DHpL interaction also seems to occlude the area known to contain the residues that mediate interaction between HK and RR (17, 18) , suggesting that the LOV domain might also play a role in regulation at the level of phosphotransfer and/or phosphatase activity.
The DHpL domain contacts the CA domain through a 910-Å 2 interface, keeping the nucleotide-binding site >27 Å away from His142 (Fig. 3C ). Coupling this fact with similarity of the DHp/CA contacts observed in other inactive HK structures, such as the inactive protomers of VicK (19) ( Fig. 2A) and EnvZ chim (20) , implies that we are observing an inactive conformation. Two pairs of highly conserved ionic interactions, Arg143-Glu235 and Arg175-Glu245 (Fig. 3C and Fig. S5A ), suggest that EL346 homologs share a similar DHpL/CA arrangement. Additionally, Arg175 from the DHpL α2 helix forms a salt bridge with the AMP-PNP γ-phosphate oxygen (Fig. 2B) . The observation that nucleotide binding accelerates photocycle kinetics in EL346 (Fig. S1A) suggests that this interaction has substantial effects that propagate back to the photosensory LOV domain itself.
Notably, the DHpL fold in the EL346HK construct (Fig. S5B ) is quite different from the one in the EL346FL structure. Instead of forming a continuous helix, α1 in the EL346HK structure forms two shorter antiparallel helices that pack at an angle against α2. Helix α2 remains in the same position relative to the CA domain, and the Arg175/AMP-PNP interaction is preserved. In the EL346FL structure, there is a bend on helix α2. This bend is caused by the interruption of the heptad repeats in helix α1 by His147 in position d and the start of another repeat with Leu148 on position a (Fig. 3B) . This arrangement forces α2 to bend at Val176 so that hydrophobic side chains on positions a and d can pack against the corresponding residues on α1. This bend is not present in the EL346HK structure, and the N terminus of α2 is partially unfolded. These observations suggest that the conformation of the DHpL domain is highly dependent upon interactions with the LOV domain.
Light-Sensing by the LOV Domain Induces Protein-Wide Conformational
Changes and Alters the DHpL/CA Interface. To characterize EL346 structural changes upon light activation, we used a combination of solution NMR and limited trypsin proteolysis. 15 N/ 1 H transverse relaxation-optimized spectroscopy (TROSY) spectra of dark-state EL346 demonstrated marked spectral improvement upon AMP-PNP addition, with the increasing numbers of peaks suggesting the stabilization of the structure (Fig. 4) . This stabilization is consistent with nucleotide-mediated DHpL/CA interactions in our inhibited-state crystal structures, EL346FL and EL346HK (Fig. 2  and Fig. S2B ). Further, we observed extensive spectral changes between dark and lit spectra (Fig. 4) , especially with AMP-PNP bound, that revert to the dark state as illumination ceases (Fig.  S6 ). These widespread changes in peak location and line width in the lit spectra are consistent with a high degree of structural disorder, indicating that the EL346 tertiary structure changes substantially in a light-dependent manner. The severe line broadening suggests that the folded domains have increased mobility in the lit state and that the protein exchanges among multiple conformations in the intermediate chemical shift exchange regime, leading to peak disappearance.
Coupled with the EL346FL crystal structure, these data suggest that light-induced changes in the LOV domain are propagated through the LOV/DHpL interface, altering the DHpL/CA interface and reorganizing the EL346 tertiary structure. To test this model, we used limited trypsinolysis of AMP-PNP-loaded EL346 under dark and lit conditions and identified the exact mass of the proteolytic fragments by mass spectrometry (Fig. 5A and Table S2 ). Most fragments were produced with comparable kinetics under both conditions; however, one fragment (band 3) was produced almost exclusively under lit conditions (Fig. 5A ). This 19.5-kDa fragment (residues 2-174) resulted from cleavage in the middle of DHpL helix α2 at a site that is buried in the DHpL/CA interface in the dark-state crystal structure. This lightdependent cleavage is consistent with a disruption of this interface during activation, as implicated by reports suggesting that sensor domains control kinase activity by influencing DHp and CA domain orientations (19, 21, 22) . Notably, controls with a C55A mutant that cannot form the photochemical protein/ flavin adduct exhibited very low levels of the 2-174 fragment under lit conditions (Fig. S7A) , confirming that DHpL/CA interface disruption is linked to signal propagation.
Mutations at the Domain Interfaces Affect Signaling and Autokinase
Activity. To validate the signal-propagation model outlined above, we examined the functional and structural effects of point mutations designed to disrupt interdomain interfaces within EL346. We probed the LOV/DHpL interface with G102K, V115A, and V119A mutations, finding that autokinase levels increased above WT for G102K and V115A (Fig. 5 B and C) . Notably, whereas G102K retained light responsiveness, the V115A mutation seemed to decouple sensor function by generating a nearconstitutive enzyme. We suspect these differences may be due in part to the location of Val115 at the center of the LOV/DHpL interface whereas Gly102 is at its periphery. On the other hand, V119A's drastically reduced activity and lack of 2-174 fragment after limited trypsinolysis ( Fig. 5C and Fig. S7B ) suggest that this mutant is strongly inhibited under dark and lit conditions. Contrarily, G102K and V115A showed a strong band for this fragment after limited trypsinolysis under both conditions (Fig.  S7B) . We conclude that, whereas V119A stabilizes the inhibited state, G102K and V115A destabilize it, resulting in high darkstate activity. Notably, residues Val115 and Val119 are located on the same Iβ-strand as Gln118, a conserved glutamine that changes its hydrogen bonding pattern with the flavin chromophore upon illumination (23) (24) (25) , playing a key role in signaling (26, 27) . Propagation of light-induced structural changes in Gln118 along the Iβ strand could contribute to the drastic impairment of EL346 regulation when the Val115 and Val119 sidechains were truncated. We also tested R175A, E235K, R143A, and E246A mutations at the DHpL/CA interface (Fig. 5 B and C) . R175A removes hydrogen bonds between the DHpL and AMP-PNP and Glu246 in the CA. Remarkably, this mutation reversed the signaling logic, doubling the initial phosphorylation rate in the dark compared with the light. Mutation E235K in the CA domain, which eliminates the ionic interaction with DHpL residue Arg143, exhibited constitutively high autokinase activity, suggesting that the Arg143-Glu235 interaction stabilizes the inhibited conformation observed in the crystal. These enhanced dark-state activities agree with the increased levels of 2-174 fragment in R175A and E235K limited trypsinolysis assays (Fig. S7C ). R143A and E246A mutations diminished autokinase activity to levels below those measurable by our assays. Based on the recently reported structures of the autophosphorylating Michaelis complex (20, 28) , we predict that Glu246 acts as the catalytic base whereas Arg143 helps position it through hydrogen bonding in the active state, making both residues essential for catalysis. Although we cannot precisely determine what specific changes are induced in the DHpL domain without detailed structural information on activated EL346, we can attempt to mimic the active site by superposing the individual DHpL and CA domains from the EL346FL structure onto the autophosphorylationcompetent chain of the Enz chim structure (Fig. S8 ). In this model, EL346 Glu246 and Arg143 occupy the same location as the Enz chim catalytic base (Asp244) and helper residue (Asn343), respectively (20) . The location of these residues is a conserved feature in HPK 11 -type HKs (7), strongly suggesting that the catalytic mechanism in the HPK 11 family is similar to that proposed for other HK groups regardless of HK subclass or oligomerization state. Collectively, our results support the idea that interdomain interactions in EL346 hold the CA domain in an inhibited state; weakening them by mutations or light-dependent conformational changes leads to apparent activation.
Discussion
An open and fundamental question in two-component signaling is how HKs are activated by stimuli. Several studies have proposed mechanisms to explain how signals are propagated between the sensory and catalytic domains (19, 22, 29) , typically suggesting stimulus-induced translation, rotation, or bending of helices within the intervening DHp four-helix bundle. However, it has been difficult to experimentally demonstrate a connection between signal reception by the sensor and the requisite conformational rearrangements between the DHp and CA domains. To address this issue, we investigated the inhibited-state structure of a full-length monomeric HK and the conformational changes that occur during its activation. The EL346 structure reveals a compact fold in which the DHpL domain, two helices analogous to the DHp in dimeric HKs, directly interacts with the LOV domain β-sheet, preventing dimerization. We note that the unusual monomeric nature of EL346 is not found in all LOVHKs because several HKs with the same domain composition are established dimers (10, 22, 30) . However, we anticipate that additional monomeric HKs will be found among other LOV-HK and PAS-HK proteins, given the tendency of both LOV and PAS domains to pack against helices in a manner analogous to EL346, facilitating competition between sensor:DHp (monomeric) and DHp:DHp (dimeric) interactions. We suspect additional determinants of monomer:dimer balance to be within the DHpL domain sequence; however, direct testing of this prospect was hindered by an inability to express and purify stable DHpL-only constructs for characterization.
Our biochemical and biophysical data support an activation model for EL346 (Fig. 6A ) in which light-induced conformational changes originating in the LOV domain propagate through the β-sheet to the DHpL domain via interactions between the two domains. This remodeling of interdomain interactions perturbs the DHpL helices-likely by some combination of motions as proposed for dimeric HKs (19, 21, 22, 29) -destabilizing the DHpL/CA interface observed in our crystal structures and breaking inhibitory contacts. This release of inhibitory contacts enables CA domain movement, allowing the ATP binding site and phosphoacceptor histidine to interact. Although our findings prove that signal propagation can be achieved in a monomeric context, they also provide insights into signaling within the much larger group of dimeric HK enzymes. The mechanism proposed for EL346 supports these overarching principles governing HK regulation, regardless of oligomeric state and cellular localization: (i) Changes in the sensor are propagated via movements of the DHp (or DHpL) helices and (ii) these movements result in structural remodeling of the interface with the CA, leading to changes in HK activity. Previous studies have shown that signaling relies on DHp movements (31) and that sensors often use helical connectors to affect DHp structure, dynamics, and flexibility at a distance (22, 30, 32, 33) . Diverse experimental probes, ranging from limited proteolysis (30) to HDX-MS (31), have correlated changes in DHp structure and accessibility (caused by environmental change or mutation) to HK activity. Studies in other HK systems have found that altering interdomain interactions will impair signal transmission and even reverse its logic, as observed with the R175A mutation in EL346 (34, 35) . Combining this evidence with our findings, we propose that DHp movements elicit the release of inhibitory interactions analogous to those observed to sequester the CA domain in EL346's crystal structure (as evidenced by our limited trypsinolysis data), thus allowing the rearrangement of CA and DHp domains (Fig. 6B) . This model is supported by several dimeric HK structures that show that the CA domain can adopt different arrangements with respect to the DHp domain, demonstrating the plasticity of this interface (28, 36) . Although signaling relies on direct contact between the LOV β-sheet and the DHpL domain for EL346, we envision that, in dimeric HKs, it depends on sensors acting at a distance, modulating the movement of DHp helices from the two protein chains relative to each other.
Taken together, our results demonstrate that the sensor domains of some HKs can influence DHp/DHpL structure through direct binding as opposed to acting at a distance. We believe that additional examples of such interactions will become clear as further full-length HK structures become available, both in dimeric and monomeric contexts. More broadly, this model supports the potential for other protein and small-molecule factors to modulate HK activity by directly binding DHp domains. Such a model has been proposed for the Sda and KipI antikinases based on lowresolution structural data of their complexes with the DHp domain of the dimeric KinA kinase (37, 38) . Our model provides an unanticipated line of support for this allosteric signaling mechanism, showing that the binding of proteins directly to the DHp/DHpL can affect the conformation and dynamics of this important element-possibly providing a route for cytosolic or membrane associated factors to influence transmembrane HKs (39) . As such, we suggest that the mechanism acquired through evolution by EL346 and these antikinases will provide insights into regulatory processes that both inform our understanding of natural HK regulation while guiding the design of novel allosterically controlled recombinant proteins and new antibacterial therapies for research and therapeutic applications.
Materials and Methods
Full-length EL346, LOV, and DHpL/CA were expressed in Escherichia coli BL21 (DE3) cells and purified by affinity and size-exclusion chromatography. SEC-MALS analyses were performed with 50 μM EL346 on a Superdex 200 10/300 SEC column (GE Healthcare) as described previously (10) . Crystals were grown at 20°C by vapor diffusion. X-ray diffraction data were collected at beamline 19-ID at Argonne National Laboratory (Table S1 ). The structures of EL346LOV and EL346HK used as models in molecular replacement for the full-length structure were solved by molecular replacement and SeMet single-wavelength anomalous dispersion (SAD), respectively. NMR experiments were performed at 25°C on a cryoprobe-equipped Varian Inova 800 MHz spectrometer. Lit-state NMR samples were exposed to blue-light pulses during data collection via a fiber optic. Kinase activity was assayed using γ-[ 
